ABSTRACT: Since 1997, mass mortality of the abalone Haliotis tuberculata L. has occurred in the natural environment along the French coast. The outbreak of disease started on the south coast of Brittany near Concarneau in 1997, then spread to the north of Brittany (in 1998) and the west coast of Normandy (Golfe de St. Malo in 1999). Between 60 and 80% of the abalone died. In 1999, mortality also affected a land-based abalone farm in Normandy during the summer. At this farm, a Vibrio sp. was isolated in abundance from abalone that had just died. The disease was experimentally reproduced by inoculation or by introducing the pathogen into the surrounding water. This vibrio, identified by genotypic and phenotypic characters, is related to V. carchariae. It is similar to the V. carchariae, responsible for mortality in the Japanese abalone Sulculus diversicolor supratexta, but some phenotypic characters differentiate both strains. In 2000, healthy abalone placed in 2 sites on the north and south coasts of Brittany died, and the pathogen V. carchariae could be isolated from dead individuals, demonstrating that the pathogen was probably the cause of the abalone disease that has been occurring since 1997 in Brittany.
INTRODUCTION
The European abalone Haliotis tuberculata can be found from the north of France to Senegal. The population is relatively scattered. Since 1995, a dive fishery has been permitted on the Brittany and Normandy coasts of France. In 1997, 97 t were fished and exported, mainly to the Far East and Middle East. At the same time, a regional company (SMEL) developed artificial production of this abalone (Basuyaux 1997) . Several hundred kilograms were produced and sold commercially.
For several years, mass mortalities have been observed in the natural environment. In 1997, mortality affected stocks south of Brittany, near Concarneau ( Fig. 1) , and in 1998 mortality spread to the north of Brittany from Saint Malo to Erquy, where about 80% of the abalone died. In 1999 mortality spread further north in the Golfe de St. Malo (Fig. 1 ) towards the Islands of Chausey and Jersey (50 to 90% mortality), the Minquiers near Jersey (70% mortality) and also to the farm of SMEL, Blainville (85% mortality). Now, only a few areas remain unaffected. Until now no such mass mortalities have affected abalone in France, except in 1960 when a very cold winter was the cause.
The observation of moribund abalone in the natural environment in France has been difficult. Diseased abalone are eaten by predators and generally only the empty shells have given evidence of mortality. In the SMEL abalone farm, mortality started in the middle of July and affected all sizes of abalone from 0.5 cm up. Fifty percent died within 2 wk and cumulative mortal-ity reached 85% by the end of September (Fig. 2) . Apart from some occurrences of white pustules on the foot, no other signs, nor any abnormal behaviour were apparent before death.
Numerous diseases affecting abalone have been described (Bower 2000) . A parasite, Perkinsus olseni, infects several Australian abalone species and is the only agent recognized as a serious pathogen for Haliotis spp. by the Office International des Epizooties (2001) 1 (Lester 1981) . However, in 1983 bacteria, especially Vibrio spp. were already suspected to infect abalone juveniles (Elston & Lockwood 1983) . More recently Li et al. (1998) isolated V. fluvialis II, which caused pustule formation and mortality in the abalone H. discus hannai Dalian in China. V. carchariae is responsible for disease and mortalities among Japanese abalone, Sulculus diversicolor supratexta (Nishimori et al. 1998) , and a Rickettsia-like prokaryote is suspected to be one of the causes of foot-withering syndrome among the wild black abalone Haliotis cracherodii in California, USA (Gardner et al. 1995 , Moore et al. 1999 ). Other parasites that infect different species of abalone include a coccidian (Friedman 1991) and Labyrinthuloides haliotidis (Bower 1987) . Polychaetes frequently infest abalone under culture (Ruck & Cook 1998) . Virus-like particles were detected in abalone Nordotis discus discus associated with amyotrophia of the mantle and foot, and mortality in juveniles at a nursery in Japan (Nakatsugawa et al. 1999 ). Previously, shells of H. tuberculata, in France, were only known to be infested by the sponge Cliona celata and polychaetes of the genus Polydora (Clavier 1992) . No soft-tissue pathogens had been reported.
In 1998, moribund and 'healthy' abalone were collected in the natural environment in France; 60 individuals of different sizes were sampled and examined by histology and bacteriology. First observations showed no protistan parasitic agents such as Perkinsus olseni. Two individuals showed 1 trematode each, encysted in the mantle; intensities were too low to be responsible for mortality. Bacteria were often found in association with tissue necrosis, but this could not be considered significant in moribund abalone since Vibrio spp. isolated from these tissues were too diversified to be primary aetiological agents of the disease.
After the disease appeared in the SMEL hatchery in 1999, its study became easier and permitted isolation of the causative agent, its identification and determination of its pathogenicity. In 2000, abalone stocks placed in 4 sites on the coast were monitored to observe mortality and to identify the causative agent.
MATERIALS AND METHODS
Abalone and general observations. In 1999, abalone about 100 mm in shell length were transferred from an area without reported mortality (north of Cotentin, France) to the farm of SMEL. Before and during mortality in tanks at SMEL, behaviour and external appearance were observed daily. The bodies of recently dead abalone were removed from the shell and their anatomical appearance was recorded. In 2000, an experiment in the natural environment was performed with abalone from the Cotentin area and also from Jersey (see last subsection of 'Experiments' below).
Bacteriology. Dead abalone from the first experiment (see below) were dissected and samples of different tissues including haemolymph from the cardiac sinus, muscle and mucus gland, were collected under sterile conditions. An aliquot of sample was directly observed by light microscopy to verify if individuals were infected or not: all tissues of infected abalone were invaded by abundant and motile bacteria while in healthy individuals no bacteria could be observed. Then the samples were plated on Marine Agar (Difco). A first observation of the plates incubated at 20°C was made after 48 h, and a second observation 5 d later. The most prevalent colony types were subcultured and stored at 4°C or at -80°C. Generally only 1 type was present and very abundant except, occasionally, in samples of the mucus gland.
The dominant bacteria were first tested on O/F medium (Merck) for respiratory type and TCBS agar (Difco) for growth. They were then observed by light microscopy, suspended in a sterile water supplement with 2% NaCl and identified with the API 20E system (Biomerieux). Some additional characters including Gram-stain, growth at different temperatures (4, 37, 45°C) in marine broth (Difco), and oxidase and catalase activities were examined. To complete the phenotypic characters, the GN plate (Biolog) was used according to the procedure recommended by the manufacturer. The GN plate tests the ability of a bacterium to utilize a panel of 95 different carbon sources.
For inoculation of abalone, the predominant isolate (named ORM4) from moribund and dead abalone was cultured in 50 ml marine broth (Difco), at 20°C overnight. Bacterial cells were centrifuged (6000 × g for 10 min), rinsed with sterile sea water (SSW), resuspended in SSW, and then counted by plating on marine agar after appropriate dilution.
Phylogenetic analyses using DNA sequencing. The method used for amplification was as described by Gauthier et al. (1995) . Briefly, after extraction of DNA, 16S rDNA was amplified with universal primers AS and S17 (Escherichia coli positions 8-28 and 1496-1505, respectively), and the amplicon was purified by precipitation. After checking of amplicon by agarose gel electrophoresis, it was sent to Genome Express Company (Grenoble, France) to be sequenced with an automated DNA sequencer. The 16S rDNA gene sequence was aligned with the nearest reference sequences, obtained from databases, by the CLUS-TAL W programme (Dnastar).
Phylogenetic trees were built using the Phylowin programme developed by Galtier et al. (1996) . Three methods were employed: neighbour-joining, maximumparsimony, and maximum-likelihood.
Experiments. Five experiments were carried out as follows:
Expt 1 -influence of temperature: Abalone (4 to 5 cm in length) that had been in contact with diseased abalone, were placed in six 20 l tanks with aeration and complete renewal of sea water every other day, but without feeding. Each tank contained 10 abalone. The temperature was maintained at 10°C (2 tanks, first series), 15°C (2 tanks, second series) and 20°C (2 tanks, third series) for 12 d. The temperature then was increased to 20°C in tanks of the first and second series and maintained for 15 d.
Expt 2 -cohabitation challenge: In order to provoke the disease, apparently healthy abalone from an unaffected area (north of Cotentin) were transferred to an experimental facility of SMEL. Three batches of 15 apparently healthy abalone (7 to 9 cm in length) each were placed in 3 recirculating sea water tanks at 18 ± 1°C, with a water renewal of 20% d -1
; 2 of the tanks had recently contained abalone with a record of mortality and 1 tank (control) had previously contained abalone without mortality. Abalone were fed on red algae, Palmaria palmata, ad libitum. The saturation rate of oxygen was maintained near 100% and dead individuals were removed daily. The experiment lasted 19 d.
Expt 3 -inoculation challenge: Two abalone that had just died were dissected and pieces of the foot, digestive tract, and haemolymph were collected, mixed with 20 ml of sterile saline solution (0.9% NaCl) and ground with a Stomacher. After sedimentation, the supernatant was separated from the residue. The same process was applied to 3 apparently healthy abalone from an unaffected area.
The supernatant (0.5 ml) from diseased individuals was inoculated into the foot of 3 different batches of 8 apparently healthy abalone. The 3 treatment batches included supernatant that was filtered as follows:
(1) unfiltered, (2) 1.2 µm filtration (nitrate-cellulose membrane, Millipore) and (3) 0.2 µm filtration (polycarbonate membrane, Millipore).
Two controls consisted of 8 abalone each, inoculated with unfiltered supernatant of ground samples of apparently healthy individuals or a saline solution (0.9% NaCl), respectively.
The abalone of each treatment were held in the same 30 l tank, at 18 ± 1°C and were not fed for 2 wk. The sea water was totally renewed daily.
Expt 4 -bacterial culture challenge: Eight batches of 10 apparently healthy abalone each were held in 30 l tanks (1 tank per batch), at 18 ± 1°C without food, and were dosed with the suspected bacterium as follows:
(1) injection of 0.5 ml containing 5 × 10 8 bacteria (2 batches), (2) exposure to 10 5 ml -1 bacterial cells in the surrounding sea water for 24 h (2 batches), (3) exposure to sea water in which abalone injected during the Expt 5 -causative agent in the natural environment: In the north of Cotentin, no mortality had been observed but the temperature of the sea water, which remained below 18°C throughout the year, did not favor disease expression. Therefore, to ensure that abalone were not healthy carriers of the disease, 3 experiments of 1 mo duration were performed in December 1999, and in March and June 2000. For each experiment, 10 healthy abalone ranging in size from 65 to 90 mm were caught in this area and placed in a 40 l tank with renewal of sea water (50% every other day) and aeration, but without feeding. The temperature was maintained at 19 ± 1°C. No mortality was observed during the 3 experiments, except that 1 or 2 individuals per experiment died during the first few days after the transfer.
Abalone from the same stock used for the last monitoring experiment were placed at 3 different sites in June 2000 ( Fig. 1) : On the north-east of the Cotentin peninsula, Omonville la Rogue (control site), 100 abalone were held in 2 perforated plastic casks. In the Golfe de St Malo, near Blainville, 87 abalone were set in a concrete tube closed at the ends by wire and plastic netting. On the south coast of Brittany, at the IFRE-MER station of La Trinité-sur-Mer (Golfe du Morbihan), 80 abalone were placed in a 3 m 3 tank, the water of which was renewed twice a week with pumped sea water; 20 others were held in a lobster pot suspended in sea water close to the station.
At an additional site, Jersey (Golfe de St Malo), about 100 abalone were caught around the island and placed in different structures at Bailhache Rock (west of the island).
Abalone were always immersed and received macroalgae (Palmaria palmata or Laminaria digitata) as food, which was renewed every second week at all sites.
Temperature was monitored at Blainville and La Trinité by electronic sensors and the facilities were visited at least once a week in France and once every 2 wk in Jersey. Only recently dead abalone were dissected. Samples of tissues (foot and mucus gland) were examined by light microscopy and plated on marine agar. After 3 d of incubation, 2 or 3 representatives of the dominant colony were identified by phenotypic characters: gram staining, fermentation products and API 20E results.
RESULTS

Influence of temperature
All abalone maintained at 10 or 15°C survived, whereas 50% of those maintained at 20°C died during the first 12 d. In the second stage of these trials (15 d), when the temperature was increased to 20°C in the first and second series, limited mortality occurred (20%). In the third series, in which the temperature remained constant, mortality continued, reaching 65% by the end of the study.
Isolation of bacteria
In the second cohabitation experiment, the abalone started to die after 3 d in both recirculating systems that had contained diseased abalone (Fig. 3) . Some challenged abalone showed signs of white pustule development. No mortality occurred in the control system. Five abalone that had just died were dissected, and samples of tissue (cardiac sinus, foot muscle and mucus gland) were observed by light microscopy in phase contrast and streaked on marine agar. Microscopic observation showed a great number of motile bacteria. On the agar plate, a dominant type of colony appeared within 24 to 48 h. The pustules from 1 individual also contained the same type of colony. Certain colonies from 3 individuals were identified; these grew on TCBS agar (green colony) and were facultative anaerobes. They shared the same characters in the API 20E test (Table 1 ). The type strain was named ORM4. Identification of the Vibrio sp.
The sequence of ORM4 was similar at 99.6% to the reference strain of Vibrio carchariae (American Type Culture Collection, ATCC 35 084). The few differences (5 bases) may have been due to sequencing errors (missing or undetermined bases). Phylogenetic analyses showed a close relationship between Strain ORM4, V. carchariae and V. harveyi (Fig. 4) ; V. carchariae is a subspecies of V. harveyi according to Pedersen et al. (1998) .
Strain ORM4 and Vibrio carchariae ATTC 35084 (Yii et al. 1997 ) differed in some phenotypic characters, especially sucrose utilisation. In comparison with the reference strain ATTC 35084, ORM 4 used Tween 40, β-methyl-glucosidase D-alanine, L-proline, monomethyl succinate, D,L,-α-glycerol phosphate but not sucrose, alaninamide, or L-pyroglutamic acid (Table 1) .
Strain ORM 4 was similar to Vibrio carchariae isolated from diseased abalone in Japan in its inability to use or ferment sucrose. Nevertheless, for our strain, gelatinase and ornithine decarboxylase were positive and the Voges-Proskauer reaction was negative. No data on the Japanese strain are available to compare utilization of organic substrates. 
inosine, uridine, thymidine, glycerol, D,L-α-glycerolphosphate, glucose-1 phosphate and glucose-6 phosphate)
Experimental reproduction of the disease
Tissue inoculation challenge
In the third experiment, the abalone that received unfiltered ground tissue inocula from diseased individuals began to die on the first day after inoculation (Fig. 5) . For abalone inoculated with 1.2 µm-filtered ground tissues, first mortalities were observed after 2 d. The 0.2 µm-filtered inoculum did not induce mass mortality nor did the inoculum prepared with tissues from healthy abalone or the inoculum of saline solution. Of 3 individuals out of 32 that died in the last 2 groups, 1 was infected by bacteria identified as Vibrio carchariae.
Four diseased individuals were examined in the first inoculated batch and 5 in the second. All were heavily infected by a Vibrio identical phenotypically to Strain ORM4.
Bacterial culture challenge
In the fourth experiment (Fig. 6) , abalone directly inoculated with bacteria or exposed to tank water inoculated with ORM4 began dying after 2 d. In both cases, all individuals died quickly, whereas the abalone which received sea water in which diseased abalone had been held died 4 d post-exposure, and some abalone remained alive until the end of the test. Control abalone suffered up to 25% mortality. Two or 3 dead abalone of each batch were examined. All of these, including 2 control individuals, were infected by Vibrio carchariae.
Mortality in the open sea
The first mortalities were observed in the tank of the laboratory at La Trinité: 5 abalone died between June 28 and July 13. The temperature during this period varied from 16.5 to 18.5°C. Tissues from 2 abalone were recovered for examination. Observation by light microscopy showed that the tissues were invaded by bacteria. Only 1 type of colony grew in abundance on marine agar and TCBS (green colony). Phenotypic characters of this colony were identical to those of Vibrio carchariae isolated the previous year. All abalone in the tank were subsequently discarded to avoid further proliferation of the pathogen, which could increase the contamination in the open sea since the outflow was not treated. In the outdoor pot near the IFREMER station, only 2 abalone died, 1 just after transfer and the other in September. They could not be examined because the tissues were decayed. Mortality (means ± SD) of abalone challenged by inoculation of ground tissue samples in the foot. Unfiltered healthy: 0.5 ml of healthy abalone tissues; Unfiltered diseased: 0.5 ml of moribund abalone tissues; 1.2 µm diseased: 0.5 ml of previous sample filtered through 1.2 µm membrane; 0.2 µm diseased: 0.5 ml of previous sample filtered through 0.2 µm membrane; Saline solution: 0.5 ml of 0.9% NaCl Fig. 6 . Haliotis tuberculata. Mortality (means ± SD) of abalone challenged by inoculation or by exposure to medium of pathogenic bacterium. Inoculation: inoculation of 5 × 10 8 cells per abalone; direct exposure: exposure to sea water containing 10 5 cells ml -1 of Vibrio carchariae for 24 h; indirect exposure: abalone exposed to sea water contaminated by treatment 'Inoculation'; control: no inoculation In Blainville, 71 of 87 abalone (84% mortality) died between September 1 and 13; here, the temperature had been 18 to 19°C since mid-July. Eight abalone, which seemed to have just died and still had intact tissues, were dissected and samples of haemolymph and foot muscle were plated on marine agar and TCBS: all individuals were invaded by Vibrio carchariae phenotypically identical to ORM4.
In Jersey, the experiment was stopped at the end of August, although the abalone had not yet suffered mortality and although the temperature was still above 18°C. In the control site (Omonville), no mortality occurred in any abalone cultured at this site until the end of experiment (end of August).
DISCUSSION
The abundance of 1 dominant type of bacterium in recently dead abalone implicated this bacterium in their mortality. Experiments (Table 2 ) demonstrated the virulence of this isolate, although sometimes limited mortality did occur in control batches. In some cases, Vibrio carchariae was isolated from control abalone, but in other cases the abalone were probably injured during transfer from the sea to the experimental containers.
Mortality depended on incubation temperature. In the first experiment mortality did not occur at 10 and 15°C. Another challenge experiment, not reported here, failed because mortality ceased when the temperature fell below 17°C. As soon as the temperature was stabilised above 17°C, mortality rose again. This may be related to the temperature preference of Vibrio carchariae, which grows above 37°C but not at 4°C. On the other hand, the metabolism of Haliotis tuberculata is more active and its growth faster when the temperature reachs 20°C or more in hatcheries (Lopez et al. 1998) . However, in the natural environment, its optimal temperature seems to lie below 18°C (McBride et al. 2000) . The physiological status of the abalone at high temperatures may make it more susceptible to infection.
Previous attempts to find a pathogenic agent in healthy abalone, or even in groups of abalone affected by mortality, have failed (Thébault 1999), probably due to the rapidity of infection and the lack of outward signs, except for white pustules which sometimes appear just before death. This disease resembles that described in the Japanese abalone Sulculus diversicolor supratexta (Nishimori 1998), especially since the pathogen strain belongs to the same species. Nevertheless, infected French abalone did not exhibit the same symptoms. White spots on the foot was the characteristic sign of disease in the Japanese abalone and mortality was less severe (15% of the stock). In our case, about 85% of the abalone died after exposure to sea water containing Vibrio carchariae.
French and Japanese pathogens could be distinguished from the Vibrio harveyi and V. carchariae strains by their non-utilization of sucrose. Both strains 41
Results
Isolation or re-isolation of bacteria from dead abalone
Expt 1
Influence of temperature on mortality After 12 d no mortality at 10 and 15°C, None 50% mortality at 20°C are very closely related, but differ in some phenotypic characters such as ornithine decarboxylase, gelatinase and acetone production (positive in the present study).
The disease of Haliotis tuberculata, in France, has some common features with the disease of Haliotis discus hannai described in China (Li et al. 1998) . Indeed, Vibrio fluvialis II provoked high mortality (50 to 60%) in Chinese abalone, with a similar, but more frequent appearance of white pustules on the foot. Temperature was probably important since the disease occurred at 20°C and V. fluvialis II shows poor growth at 15°C. Although no genotypic analysis was performed, several phenotypic traits clearly distinguished V. fluvialis II from V. carchariae: arginine hydrolase, arabinose fermentation and gelatinase were different.
It would be interesting to compare the characters and virulence of these different strains or species of Vibrio in the same place and in the same species of abalone. Such an experiment would reveal whether the pathogen infects only 1 host species or several -an important consideration in preventing the spread of disease from one area to another. The introduction of exotic species can provoke severe disease in an autochthonous and closely related host species. In the case reported here, additional hypotheses are possible such as transport of the pathogen by another marine animal, or climatic change, or both.
Vibrio carchariae can infect a wide spectrum of marine animals such as prawns, sharks, sea bream, sea bass and turbot (Pedersen et al. 1998) . The taxonomy based on ribotyping shows a great diversity of strains, and probably each strain is adapted only to its particular host. However without experimentation, it is impossible to know if the same strain can induce mortality in other species.
Vibrio carchariae is suspected to be the causative agent of the French abalone disease occurring in the natural environment since 1997. Some features of the disease in nature, such as the outbreak at temperatures above 17°C, the level of mortality, and the difficulty of finding moribund individuals were similar to those in the affected hatchery, leading to the hypothesis of the same aetiology. In 2000, the experiment with abalone placed in different areas (in the Golfe du Morbihan and the Golfe de St Malo) confirmed this hypothesis. In both locations abalone died when temperatures reached at least 18°C, and Vibrio carchariae was easily isolated from the tissues of recently dead individuals. Thus, it is possible to relate mass mortality of abalone in the natural environment to the occurrence of this pathogen. A small number of abalone (about 15%) in the natural environment or in the SMEL farm appear to be resistant to the bacterial infection. Although all abalone are sensitive to exposure at high levels of concentration or inoculation, this resistance could be important for restoring the stock, should it have a genetic origin transmissible to descendants. Recently, a great number of small abalone were observed in the sites affected by the disease. These are descendants of survivors, and perhaps are more resistant. A challenge experiment could determine the level of resistance of this new generation. Such a study would have to comprise different experiments with exposure to different inoculate concentrations in sea water to establish a dose-response. Bacterial concentrations at every stage must be determined, especially from healthy and unhealthy tissues and filtrates. Further work is also planned to determine and synthesise oligonucleotides specific to this strain of Vibrio carchariae to permit its discrimination from V. harveyi and other V. carchariae strains by PCR. This olidonucleotide could be used for epidemiological studies, monitoring of farm-reared abalone, and for determining the infection route through in situ hybridization.
